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testing	 different	Capsicum	 accessions	 under	 various	 conditions	 and	with	 different	
thrips	species.	We	screened	11	Capsicum	accessions	(C. annuum and C. chinense)	for	
resistance	to	F. occidentalis	at	three	different	locations	in	the	Netherlands.	Next,	the	








particularly	resistant	to	S. dorsalis and T. palmi,	but	this	was	not	the	most	resistant	












peppers	 are	 among	 the	most	 produced	 crops,	with	 a	 total	 annual	
production	of	approximately	34.5	million	tons	worldwide	(FAOSTAT;	
Data	Productions	Crops	2016).	The	majority	of	chillies	and	peppers	














Rotenberg,	 Jacobson,	 Schneweis,	 &	 Whitfield,	 2015;	 Whitfield,	








Preferably,	 this	 resistance	 should	 be	 effective	 under	 differ‐
ent	 abiotic	 conditions	 and	 to	 several	 thrips	 species,	 so	 that	 cul‐
tivars	 can	 be	 grown	 in	 different	 geographic	 regions.	 Resistance	
to	 thrips	 in	 Capsium	 has	 been	 reported	 (Fery	 &	 Schalk,	 1991;	
Maharijaya	et	al.,	2011;	Maris,	Joosten,	Goldbach,	&	Peters,	2004;	
Visschers,	 Peters,	 van	 de	 Vondervoort,	 Hoogveld,	 &	 van	 Dam,	
2019),	 but	 it	 is	 unclear	whether	 previously	 identified	 resistance	
as	assessed	 in	a	specific	environment	holds	under	different	con‐





lations	 has	 been	 reported	on	 cucumber	 (Cucumis sativus)	 (Kogel,	
Hoek,	&	Mollema,	1997).
Furthermore,	resistance	to	thrips	 in	Capsicum	can	be	thrips	spe‐
cies‐specific.	 In	 our	 previous	 work,	 we	 showed	 that	 resistance	 to	













flowers	 (Rosenheim,	Welter,	 Johnson,	 Mau,	 &	 Gusukuma‐Minuto,	
1990).	 Similar	 to	F. occidentalis	 feeding,	T. palmi	 feeding	 results	 in	
scarring	and	deformation	of	 the	 leaves.	At	high	densities	 it	causes	
retarded	plant	growth	(Kawai,	1986).	Thrips palmi	functions	as	a	vec‐






















environments	with	 different	 thrips	 species/populations,	 (b)	whether	
resistance	 in	 leaf	discs	 assays	 reflects	 resistance	at	 the	whole	plant	
level.	To	achieve	these	aims,	11	Capsicum	accessions	selected	from	a	
set	of	40	accessions	 (C. annuum and C. chinense,	Macel	et	al.,	2019;	
Visschers	et	al.,	2019,	Figure	1)	were	screened	for	resistance	to	F. oc‐
cidentalis	at	three	different	greenhouse	locations	in	the	Netherlands.	
K E Y W O R D S
crop	breeding,	Frankliniella occidentalis,	insect	resistance,	pepper,	Scirtothrips dorsalis,	Thrips 
palmi
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The	11	accessions	were	also	screened	for	 resistance	 to	T. palmi and 
S. dorsalis	at	two	locations	in	Asia.	Combined,	this	resulted	in	a	unique	
analysis	of	thrips	resistance	in	Capsicum	at	five	different	locations.
2  | MATERIAL S AND METHODS
2.1 | Plant material






for	Genetic	 Resources	 (CGN),	Wageningen	University	 and	Research	
Centre,	 the	Netherlands	 (http://cgnge	nis.wur.nl/).	 Site	 1	 used	 seeds	
directly	 obtained	 from	 the	CGN,	 after	which	 seeds	were	multiplied	
from	the	original	material	for	use	at	sites	2	and	3	and	in	Asia.	Seeds	
of	spreader	plants	C. annuum,	accession	“Super	hot”,	marigold	(Tagetes 
erecta	 L.),	 cowpea	 (Vigna unguiculata)	 and	 yard‐long	 bean	 (Vigna un‐
guiculata	subsp.	sesquipedalis),	were	obtained	from	East‐West	Seed.
2.2 | Experiment 1: whole plant screening 





For	 the	 experiment	 on	 site	 1,	 plants	were	 exposed	 to	 a	 natural	
thrips	 infestation.	 The	 test	 plants	 were	 grown	 in	 soil	 in	 an	 un‐
heated	 greenhouse,	 without	 additional	 lighting	 near	 Enkhuizen	









coccineus)	 under	 acclimatized	 conditions	 in	 plastic	 containers,	
were	used	 to	 inoculate	 flowering	yellow	mustard	 (Brassica nigra)	
plants	at	the	test	site.	Mustard	plants	were	placed	throughout	the	
greenhouse	 compartment	 to	 allow	 the	build‐up	of	 a	 solid	 thrips	
population	 and	 to	 ensure	 an	 even	 infection.	 At	 the	 start	 of	 the	
trial,	when	the	Capsicum	seedlings	were	transplanted,	the	thrips‐








F I G U R E  1  Schematic	overview	of	previous	studies	conducted	on	resistance	to	thrips	in	Capsicum	(Macel	et	al.,	2019;	Visschers	et	al.,	
2019)	that	formed	the	foundation	of	the	experiments	reported	here	(displayed	in	bold)
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2.2.2 | Site 2
At	site	2,	whole	plant	experiments	were	conducted	in	a	greenhouse	
with	 gauze‐sealed	 roof	 windows	 in	 Enkhuizen,	 The	 Netherlands	
(52°42′3.676′′	N,	5°6′12.243′′	E).	Temperatures	were	set	to	24/24°C	
and	 light	was	 supplemented	when	below	400	W/m2	using	10,000	
lux	 Son‐T	 lamps.	 Seeds	 were	 germinated	 in	 sowing	 trays	 with	
fine	peat	 soil.	After	2	weeks,	 seedlings	were	 transplanted	 to	pots	
(7	×	7	×	8	cm)	and	placed	in	the	greenhouse	(n	=	31–48	plants	per	
accession).	Plants	were	 randomly	placed	 in	 two	 large	4	×	1	×	1	m	
gauze	cages	with	a	susceptible	C. annuum	accession	at	the	borders.	
All	 plants	were	 infected	with	 10,000	 adult	 F. occidentalis	 in	 total,	
4	weeks	after	sowing.	Plants	were	then	scored	on	silvering	damage	
5	weeks	after	infestation	using	a	relative	scale	from	1	(susceptible,	
very	heavy	silvering,	 large	part	of	the	 leaf	damaged,	 leaf	drop	and	
heavy	 growth	 deformation	 of	 young	 leaves)	 increasing	 to	 9	 with	
damage	 symptoms	 diminishing	 (resistant,	 no	 silvering	 damage,	 no	




Experiments	 were	 performed	 in	 a	 greenhouse	 with	 gauze‐sealed	






entries	were	distributed	 randomly	 in	 groups	of	 five	plants	per	 ac‐
cession	 over	 three	 tables.	 Plants	 were	 infected	with	 F. occidenta‐







leaves)	 following	 standard	procedures	by	 in‐house	experts.	Thrips	
populations	used	for	infestation	were	maintained	on	lettuce	(Lactuca 
sativa)	 plants.	 RU08	was	 not	 screened	 at	 this	 location	 due	 to	 low	
germination	rates.
2.3 | Experiment 2: whole plant screening 
experiments at two sites in Asia
2.3.1 | Screening experiment with Thrips palmi 
in Thailand
Experiments	 in	 Thailand	 were	 conducted	 at	 an	 East‐West	 Seed	
station	 in	 the	 Song	 PeNong	 District,	 Suphanburi,	 Thailand	
(14°12′19.047′′	 N,	 99°52′18.8′′	 E).	 Experiments	 were	 performed	
from	 the	 end	 of	 December	 2016	 until	 mid‐April	 2017	 in	 a	 plas‐
tic	 greenhouse	 (6	×	20	m).	 The	 greenhouse	 contained	 three	 tents	






Thrips palmi	was	reared	on	okra	pods	 (Abelmoschus esculentus)	and	







Seeds	were	germinated	 in	 sowing	 trays	with	 a	mixture	of	 ground,	
peat	 moss	 and	 coir	 dust	 (3:1:1).	 Seeds	 of	 test	 entries	 were	 sown	












greenhouse.	During	 a	 5‐week	 period,	 test	 plants	were	 ranked	 for	
thrips	damage	weekly	using	a	scale	from	1	(severe	damage,	stunted	













Mitoc	 BA210E	 microscopes	 were	 used	 for	 determination	 of	 the	








2.3.2 | Screening experiment with Scirtothrips 
dorsalis in India
Experiments	were	 conducted	 at	 East‐West	 Seed's	Mulani	 farm	 in	
Taluka‐Paithan,	 Aurangabad,	Maharasthra,	 India	 (19°47′2.208′′	 N,	
75°12′59.673′′	E),	 from	February	2017	until	 the	end	of	May	2017.	





















were	watered	 daily	 and	 sprayed	with	 acephate	 (0.5	mg/L)	 once	 a	


















placed	 in	water.	The	 thrips	were	prepared	on	microscopic	 slides	
with	Hoyer's	medium	(chloral	hydrate	100	g,	glycerine	60	g,	gum	
Arabic	 60	 g,	 distilled	water	 100	ml).	 Thrips	 species	were	 identi‐
fied	 under	 a	 microscope	 (Motic	 BA210E).	 Characteristics	 of	
S. dorsalis	were	 identified:	 the	yellow	colouring,	an	8‐segmented	
antenna	with	a	forked	sensorium	on	segments	3	and	4,	forewings	
with	three	setae	on	the	distal	half	on	the	first	vein	and	two	widely	
spaced	 setae	 on	 the	 second	 vein,	 three	 pairs	 of	 ocellar	 setae,	
and	 two	 pairs	 of	major	 postocular	 setae	 (https	://keys.lucid	centr	










the	 experiments	 in	Asia	was	performed	using	 Ilastik	 version	1.1.3	
and	 ImageJ	 Fiji	 version	 1.50i/Java	 1.6.0_24	 (64‐bit)	 according	 to	
the	protocol	 by	Visschers,	 I,	G,	 S,	Dam	van,	N.,	M,	 and	Peters,	 J.,	










and	 in	 step	K2,	 the	 “distance”	 and	 “known”	distance	 in	 the	macro	
were	both	set	to	1.	The	percentage	of	thrips	damage	was	then	calcu‐
lated	using	the	following	formula:
2.4 | Experiment 3: leaf disc assay at 2 sites in the 
Netherlands




were	 performed	 as	 described	 by	 (Visschers,	 van	 Dam,	 &	 Peters,	




% damage leaf area=
(
# pixels damaged leaf area
# pixelswhole leaf area
)
× 100
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2.5.1 | Whole plant screening experiments in the 
Netherlands
At	site	1,	the	effect	of	time	(week)	after	infestation	on	thrips	dam‐


















2.5.2 | Whole plant screening experiments in Asia
The	effects	of	time	(week)	after	infestation	on	thrips	damage	scores	
was	 analysed	 using	 the	 non‐parametric	 Kruskal–Wallis	 rank	 sum	
tests.	 Next,	 whole	 plant	 damage	 scores	 were	 averaged	 over	 the	
experimental	period	and	the	effect	of	accessions	on	damage	scores	
was	assessed	with	a	Kruskal–Wallis	 test.	Post	hoc	pairwise	differ‐




2.5.3 | Resistance ranking among thrips species
To	compare	the	screening	results	of	 the	different	thrips	species,	a	
similar	method	was	used	as	described	for	the	comparison	among	test	
sites	 in	 the	Netherlands.	 For	 the	 thrips	 species	 comparison,	F. oc‐
cidentalis	ranks	were	based	on	overall	average	damage	scores	of	all	
three	tested	sites.	S. dorsalis and T. palmi	 ranks	were	based	on	av‐
erage	plant	damage	scores	in	Thailand	and	India,	respectively.	This	
comparison	 between	 thrips	 species	 was	 analysed	 separately	 for	
each Capsicum	species,	since	our	data	indicated	that	each	Capsicum 
species	 possibly	 possesses	 different	 thrips	 species‐specific	 resist‐
ance	mechanisms.	Correlations	of	 resistance	ranks	between	thrips	
species	were	analysed	using	Spearman	correlations.















3.1 | Whole plant screening with Frankliniella 
occidentalis at three locations in the Netherlands
Resistance	to	F. occidentalis	was	determined	at	three	different	loca‐







RU32,	 this	 accession	 became	 slightly	 more	 susceptible	 over	 time	
(Mann–Whitney,	W	=	13.5,	p	<	.001,	Table	S3).
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Whole	plant	 thrips	damage	scores	differed	significantly	among	











among	 these	 locations	 (Figure	 3a).	 For	 example,	 accession	 RU32,	
resistant	at	both	site	1	(rank	1)	and	site	2	(rank	2),	was	identified	as	
























Interestingly,	the	four	accessions	most	resistant	to	T. palmi all be‐
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=35.1,	p	 <	 .001,	 Figure	 S5b).	 Accession	 RU29	
again	 could	 be	 identified	 as	 one	 of	 the	most	 resistant	 accessions	
(Figure	2e).	Correlation	analyses	of	whole	plant	damage	scores	and	
damage	percentage	on	leaves,	showed	a	significant	positive	correla‐
tion	 between	 these	 two	damage	measures	 (Spearman	 correlation,	
p	=	.007,	ρ(10)	=	.78).
3.4 | Resistance ranking among three thrips species
All	11	Capsicum	accessions	were	screened	for	resistance	to	F. occi‐
dentalis,	T. palmi and S. dorsalis.	Resistance	rankings	based	on	whole	
plant	assays	revealed	that	resistance	to	thrips	is	partially	thrips	spe‐
cies‐specific	(Figure	3b	and	c).	Resistance	ranks	of	F. occidentalis and 
S. dorsalis	were	significantly	correlated	for	the	C. annuum	accessions	
(Spearman	 correlation,	 p	 =	 .003,	 ρ(6)	 =	 1,	 Figure	 3b).	Thrips palmi 
ranks	 did	 neither	 correlate	with	F. occidentalis	 nor	with	 S. dorsalis 
resistance	 rankings.	 For	 the	C. chinense	 accessions,	 no	 significant	
correlation	 between	 any	 of	 the	 thrips	 species	 could	 be	 observed	
(Figure	3c).	Accessions	RU27	and	RU32	were	resistant	to	F. occiden‐




lis,	T. palmi and S. dorsalis,	Figure	3b).

















consistent	 among	 local	 test	 sites	 in	 the	 Netherlands.	 Resistance	
in Capsicum	 was	 found	 to	 be	 partly	 thrips	 species‐specific.	 The	
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accession	most	resistant	to	T. palmi and S. dorsalis	was	not	the	most	
resistant	accession	to	F. occidentalis.	Resistance	to	F. occidentalis	was	
significantly	correlated	to	S. dorsalis	but	not	to	T. palmi	in	the	C. an‐
nuum	accessions.	We	further	showed	that	damage	 inflicted	to	 leaf	
discs	reflects	resistance	measured	on	the	whole	plant	level.
4.1 | Thrips resistance in different environments 
with different thrips species
In	 our	 study,	 we	 screened	 the	 same	 accessions	 for	 resistance	 to	
F. occidentalis	 at	 three	 different	 sites	 in	 the	Netherlands.	 In	most	
of	 the	 accessions,	 resistance	 to	 thrips	 differed	 among	 sites	 with	
the	exception	of	accession	RU27	(consistently	resistant)	and	RU08	















Klinkhamer,	 &	 Leiss,	 2012).	 Amplified	 fragment	 length	 polymor‐
phism	(AFLP)	analyses	revealed	that	these	populations	showed	clear	
genetic	differentiation	(Mirnezhad	et	al.,	2012).	Similarly,	in	T. tabaci 
there	was	 genetic	 differentiation	 among	 22	 populations	 collected	
from	 different	 host	 plant	 species	 (Brunner,	 Chatzivassiliou,	 Katis,	
&	Frey,	2004).	Within	this	thrips	species	two	biotypes,	the	“tabaci”	
and	 the	 “communis”	 type	have	been	described,	 that	differ	 in	 their	
efficiency	of	transmitting	tomato	spotted	wilt	virus	(Chatzivassiliou,	
Peters,	 &	 Katis,	 2002;	 Westmore,	 Poke,	 Allen,	 &	 Wilson,	 2013;	
Zawirska,	1976).	The	occurrence	of	different	local	F. occidentalis bio‐
types	may	be	a	possible	explanation	for	our	observed	differences	in	
resistance	 levels	within	 a	 single	 accession	 among	 sites.	Our	 study	
underlines	the	importance	of	including	different	thrips	populations	
or	biotypes	for	identifying	sources	of	broad	spectrum	resistance.
Another	 factor	 that	might	 explain	 our	 observed	 differences	 in	
resistance	 levels	 among	 sites	 include	 environmental	 and	 seasonal	
variation	in	plant	resistance	to	insects.	The	experiments	at	site	1	and	
3	were	both	 conducted	during	 the	 summer,	 but	 in	different	 years	
(2017	and	2018,	respectively),	while	experiments	at	site	2	were	con‐
ducted	in	the	fall	of	2017.	Although	all	experiments	were	conducted	





garis	 ssp.	 arcualata	 accession	 (Agerbirk,	 Olsen,	 &	 Nielsen,	 2001).	
During	summer,	an	accession	of	this	plant	species	was	found	to	be	
resistant	 to	 the	 flea	beetle	Phyllotreta nemorum,	 but	gradually	 lost	




























not	with	T. palmi.	 This	 indicates	 that	 resistance	might	 be	 partially	




all C. chinense	accessions	were	resistant	to	T. palmi.	This	suggests	that	
within	each	Capsicum	 species	 resistance	 to	 thrips	might	be	driven	
by	different	defence	mechanisms.	This	hypothesis	 is	supported	by	
untargeted	 metabolomics	 analyses	 of	 the	 same	 accessions.	 Both	
Capsicum	species	possessed	a	unique	set	of	metabolites	that	were	
correlated	to	resistance	to	F. occidentalis	(Macel	et	al.,	2019).










possible	 trade‐offs	 in	 resistance	 mechanisms	 between	 these	 cell	
sucking	and	phloem	feeding	insects,	respectively.	Therefore,	acces‐




Differences	 in	 thrips	 species‐specific	 resistance	 in	 Capsicum 
might	 also	 be	 explained	 by	 diversity	 in	 thrips	 effector	 proteins	
among	thrips	species.	Upon	feeding,	thrips	inject	saliva	into	the	plant	
tissue	(Chisholm	&	Lewis,	1984).	The	effector	proteins	found	in	this	
saliva	can	 trigger	diverse	 immune	 responses	or	even	suppress	 the	
immune	responses	in	the	plant,	as	has	been	shown	for	many	other	
insects	(Elzinga,	De	Vos,	&	Jander,	2014;	Hogenhout	&	Bos,	2011).	
Thus,	 far,	 little	 is	 known	 about	 thrips	 and	 their	 effector	 proteins.	
Analysis	of	salivary	glands	of	F. occidentalis	by	transcriptome	analy‐
sis	led	to	the	identification	of	several	genes	that	might	play	a	role	in	
detoxification	and	 inhibition	of	plant	defence	 responses	 (Stafford‐
Banks,	 Rotenberg,	 Johnson,	Whitfield,	 &	 Ullman,	 2014).	 Possibly,	
each	thrips	species	or	biotype	might	possess	specific	effector	pro‐
teins	 that	differ	 in	 their	effects	on	plants.	This	 can	enable	certain	
thrips	 species	 to	 successfully	 establish	 on	 cultivars	 and	Capsicum 
species	resistant	to	other	thrips	species.	Further	research	on	thrips	
effector	proteins	diversity	among	species	and	biotypes	could	there‐
fore	 provide	 an	 important	 step	 in	 understanding	 the	mechanisms	
of	 thrips	 species‐specific	 resistance	 in	Capsicum.	 Preferably,	 these	
experiments	with	 different	 thrips	 species	 and	 biotypes	 should	 be	
conducted	under	fully	controlled	environmental	conditions,	for	ex‐
ample	 in	 climate	 chambers,	 to	 further	 substantiate	 the	 findings	 in	
our	current	study.	 In	addition,	this	would	allow	us	to	test	whether	
thrips	 species‐specific	 resistance	 is	 modulated	 by	 environmental	
conditions	such	as	temperature	regimes.	Unfortunately,	these	highly	
controlled	 test	using	all	 four	 thrips	 species	were	not	possible,	 be‐
cause	T. palmi and S. dorsalis	are	quarantine	organisms	in	Europe.
4.2 | Whole plant versus leaf disc assays
Our	results	provide	experimental	evidence	that	leaf	disc	assays	are	
a	 suitable	 method	 for	 screening	 resistance	 to	 thrips	 in	 Capsicum 
(Maharijaya	 et	 al.,	 2011;	 Visschers	 et	 al.,	 2018a).	 In	 longer‐term	
whole	 plant	 screening	 assays,	 herbivore‐induced	 defences	 may	
play	a	role	when	screening	for	resistance	to	insects	(Dillon,	Chludil,	
Reichelt,	 Mithöfer,	 &	 Zavala,	 2018).	 In	 leaf	 discs	 assays,	 (volatile)	







Our	 study	 underscores	 that	 identifying	 broad	 spectrum	 resist‐
ance	 to	 thrips	 in	 Capsicum	 may	 be	 challenging.	 In	 some	 other	
plant	 species,	 broad	 spectrum	 resistance	 has	 been	 reported	
(Chen,	 Senthilkumar,	 et	 al.,	 2014;	 Senthilkumar,	 Cheng,	 &	 Yeh,	
2010;	Vosman	et	al.,	2018).	For	example,	in	wild	tomato	(Solanum 
galapagense),	 the	Wf‐1	QTL	 region	was	 linked	 to	 resistance	 to	 a	
diverse	 group	 of	 insects,	 including	 thrips	 (Vosman	 et	 al.,	 2018).	
In Capsicum,	 the	 few	 QTL	 mapping	 studies	 on	 thrips	 resistance	
focused	only	on	F. occidentalis	 (Maharijaya	et	al.,	2018,	2015).	 It	
is	 unclear	 whether	 the	 one	 currently	 identified	 QTL	 for	 F. occi‐
dentalis	 resistance	 applies	 to	 resistance	 to	 other	 thrips	 species,	
but	our	results	suggest	this	is	unlikely.	In	other	plant–insect	com‐
binations,	 resistance	 mechanisms	 were	 also	 found	 to	 be	 highly	
insect	 species‐specific,	 even	 on	 the	 level	 of	 the	 developmental	
stage	 of	 the	 insect	 (Hilder	&	Boulter,	 1999;	 Lucatti	 et	 al.,	 2014;	
Soria	&	Mollema,	1995).	Future	development	of	genetic	markers	
for	 thrips	 resistance	 in	Capsicum	 should	 thus	 include	 additional	
important	 thrips	 species	 such	as	T. palmi and S. dorsalis,	 and	ad‐
ditional	 biotypes	 of	F. occidentalis.	 Due	 to	 the	 specificity	 of	 the	
resistance	to	different	thrips,	breeding	programmes	may	have	to	
focus	on	developing	 specialized	 cultivars	 suitable	 for	 growing	 in	
defined	geographic	regions	with	specific	abiotic	conditions	and	in	
the	presence	of	the	locally	abundant	thrips	species.
     |  11VISSCHERS Et al.
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